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Communities are structured by many factors including abiotic factors such as 
resource availability, and biotic interactions.  Climatic and atmospheric change will affect 
the composition of plant communities through multiple interacting biotic and abiotic 
factors.  Literature on the effects of single factors on plant communities is abundant yet 
there have been few experiments examining the effects of multiple abiotic factors 
associated with climate change.  Moreover, plant communities are not controlled solely 
by environmental conditions, but by biotic interactions such as competition and 
facilitation.  In this thesis, I used a field experiment to examine the effects of elevated 
[CO2], warming, and soil moisture on in-situ old-field plant communities (Chapter 2).  In 
addition, I conducted a separate field experiment to examine the competitive 
relationships among the constituent species to test whether an experimentally derived 
competitive hierarchy can predict relative abundances of species within plant 
communities (Chapter 3).    
I examined plant community responses to treatments of elevated [CO2] (+300 
ppm), warming (+3 °C), and soil moisture availability applied to experimental plots within 
open-top chambers at Oak Ridge National Laboratory.  In 2002, we constructed plots 
with plant communities consisting of seven common old-field species, including grasses, 
forbs, and legumes.  Beginning in 2003, we tracked foliar cover, density and recruitment, 
and reproductive phenology for each plant species, and determined changes in 
community diversity and evenness over the course of two growing seasons.   
We observed few interactive effects of treatments on plant abundance.  Most of 
the observed plant responses to treatments were responses to single factors.  Species-
specific foliar cover was most strongly influenced by warming: warming reduced foliar 
cover of Trifolium pratense and Dactylis glomerata, but increased foliar cover of 
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Andropogon virginicus and Solidgao canadensis.  Foliar cover of Dactylis glomerata was 
lower in dry plots than in wet plots.  During the second full growing season, plant species 
diversity, evenness, and richness were at least 10% lower in wet plots, where total foliar 
cover and dominance were greater than in dry plots.  Interactive effects of treatments 
appeared only toward the end of the second growing season.  For example, late in the 
growing season of 2004, cover of Dactylis was four times greater within wet plots under 
ambient temperatures than in all other treatment combinations (temperature x water 
interaction; P < 0.02).  Overall, temperature and soil moisture availability were the most 
important environmental variables to plant community composition, yet their effects on 
species varied.  The response of Dactylis glomerata to the water treatment appears to 
drive the response of the whole community.   
A plant species competitive hierarchy—a ranked order from competitive 
dominant species to competitive subordinate species—theoretically should predict the 
abundance and composition of species within intact communities.  Knowledge about 
competitive interactions within a community may help separate the direct effects of 
environmental conditions on plants from indirect environmental effects mediated by 
biotic interactions.  I tested whether a competitive hierarchy derived from pairwise 
competition under field conditions would predict plant community structure of an intact 
assemblage.  We used seven species (those used in the global change experiment 
described above) to conduct a pot experiment in field conditions wherein we constructed 
a competitive hierarchy from all possible combinations of the species.  Concurrently, at 
the same site, we constructed polycultures consisting of the same species used in the 
pot experiment I calculated an abundance hierarchy based on an importance value 
derived from species foliar cover and biomass.  The competitive hierarchy was not 
concordant with the abundance hierarchy.  This indicates that pairwise comparisons are 
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not robust enough to predict the abundance of plant species within complex 
communities. 
I conclude that in our system water availability and warming, singly and 
interactively, were the most influential environmental variables on plant species 
abundances and community composition.  In addition to environmental variables, plant 
species clearly affect the community by affecting the growth and abundance of the 
species around them.  Plant-plant interactions may mediate community level responses 
to environmental conditions, but, a competitive hierarchy derived from pairwise 
comparisons is not sufficient enough to predict abundances of species within a complex 
community and, therefore, cannot be used to predict future community composition.
 vi 
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 Plant communities are complex systems that are shaped by many concurrently 
interacting abiotic and biotic factors.  Global atmospheric and climatic change is 
predicted to affect plant community composition and ecosystem functioning.   However, 
biotic interactions also influence plant community composition and may mediate the way 
communities respond to shifts in abiotic variables.  Understanding which and how abiotic 
and biotic factors dictate plant community composition is needed to prepare for 
impending environmental changes. 
 
Ecological processes control plant community composition 
 Species presence within a community is initially determined by processes such 
as dispersal or species tolerances to local abiotic conditions.  Abiotic variables that 
influence the success of individuals within the community include temperature and 
carbon dioxide concentration ([CO2]), as well as resources such as light, water, and 
nutrients.  In addition, positive and negative interactions among plants, and direct 
interactions with other organisms through processes such as herbivory, pollination, 
mycorrhizal symbioses, and microbial interactions can also strongly influence species 
presence (Lortie et al. 2004).  While any of these processes influence species presence, 
absence, and abundance within a community, typically no one single factor is the sole 
determinant of community composition.   
 The interaction between species identity and environmental conditions can be 
influential in determining species response to abiotic factors (Shevtsova et al. 1997, 
Klanderud 2005).  Within the suite of environmental conditions surrounding a plant 
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community, biotic interactions, including competition and facilitation, may strongly 
influence community structure.  Communities can be shaped as much by interactions 
among organisms as by abiotic controls (cf Hobbie 1999, Klanderud 2005).  The relative 
importance of biotic and abiotic factors in structuring plant communities is far from clear, 
yet it is rarely addressed by those who examine community responses to atmospheric 
and climatic change (Callaway and Walker 1997, Lortie et al. 2004).  Attempts to predict 
the responses of plant communities to changes in abiotic factors such as climate change 
may fail if species interactions are not explicitly considered (Davis et al. 1998).  If 
researchers knew more about how biotic interactions (such as competition or facilitation) 
structured plant communities, they may better predict future community composition by 
incorporating biotic feedbacks into their models and analyses.   
 
The effect of atmospheric and climatic change on plant communities 
 Anthropogenically mediated increases in global [CO2] coupled with increases in 
mean global temperatures of 1.4 ºC to 5.8 ºC by 2100 may shift global and regional 
precipitation and soil moisture regimes (IPCC 2001).  Each of these changes in climate 
and resource availability could alter the composition (i.e., the richness and abundance of 
species) of plant communities across the globe.  Prior experimental research on 
predicted shifts in [CO2], temperature, and water availability have shown some similar 
trends across experiments, allowing us to make general predictions about how species 
may respond to global change factors.   
 Abiotic factors associated with global change invoke responses in plant 
physiology and productivity, along with species richness and abundance.  Elevated 
[CO2] is often beneficial to plant species (particularly those with a C3 metabolic pathway) 
via enhanced productivity (Reich et al. 2000, Volk et al. 2000, Shaw 2002, Poorter and 
 3 
Navas 2003, Morgan et al. 2004).  Changes in precipitation may increase species 
production, richness, and abundance (Sternberg et al. 1999, Zavaleta et al. 2003a, b, 
Knapp et al. 2002, Weltzin et al. 2003).  Warming may benefit some species through a 
temperature-induced stimulation of photosynthetic activity or through an extension of the 
growing season (Harte and Shaw 1995, Price and Waser 1998, Norby et al. 2003).  
Conversely, warming may also be detrimental to plants through water stress due to 
increased evaporation and evapotranspiration. 
 The effects of atmospheric and climatic change on plants involve multiple 
concurrently interacting factors that may cascade from an individual to the community or 
ecosystem level.  If a plant or species responds to an environmental change, it may 
affect relative species abundances and thus community composition along with 
ecosystem processes such as nutrient cycling.  However, it is largely unknown how 
multiple abiotic factors will interact to affect complex plant communities.  For example, 
elevated [CO2] generally increases the availability of soil moisture, at least in the short 
term (Zavaleta et al. 2003), but the way in which elevated [CO2], warming, and other 
factors will combine in their effects on natural plant communities remains unclear (Norby 
and Luo 2004).    
 The scientific community is unsure whether to expect additive or interactive 
effects from multiple factors associated with atmospheric and climatic change (Norby 
and Luo 2004).  The potential responses of plant species and communities caused by 
interactions among multiple factors of global change stress the importance of examining 
change in a multifactor context (Shaw et al. 2002).  Opposing effects such as benefits 
from elevated [CO2] (Owensby et al. 1996, Fredeen et al. 1997, Lund et al. 2002) and 
detrimental effects of warming on soil moisture (Harte et al. 1995, Harte and Shaw 1995) 
may lead to little change in plant species or communities (Volk et al. 2000).  Elevated 
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[CO2] may decrease diversity (Zavaleta et al. 2003b), whereas greater soil water content 
may increase diversity (Zavalata et al. 2003a).  The potential interactions among 
warming, [CO2], and soil moisture availability are rarely studied due to the logistical 
complexity, and the difficulty of interpreting plant and community responses and 
associating them with specific driving variables.   
 Old-field communities are appropriate study systems for global change studies 
because they are an important element of the human landscape and represent millions 
of hectares of land throughout the globe.  Moreover, they are relatively short statured 
with quick species turnover that allows for whole system analysis.  Little global change 
research has investigated whole systems because current technology does not allow it 
for forests and other tall statured systems (Rustad et al. 2001).  In addition, old-fields 
contain a mixture of plant functional types that allow us to investigate species-specific 
responses, competitive interactions, and the effect of atmospheric and climatic change 
on biological diversity.   
 
Biotic interactions may dictate community structure 
 The effect of atmospheric and climatic change on ecosystems can be influenced 
by plant community composition (Klanderud 2005).  Relationships between biotic 
interactions and plant community composition may be used to better interpret the effects 
of atmospheric and climatic change by clarifying direct and indirect effects of 
experimental manipulations.  However, interactions among species, even within 
consistent environmental conditions, are often complex, particularly within multi-species 
assemblages.  Because direct pairwise interactions between species are modified by the 
presence of other species, even pairwise comparisons of the competitive ability of 
species within a multi-species community can produce webs of positive and negative 
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effects that influence community organization (Wilson and Keddy 1986, Miller 1994, 
Adler and Morris 1994, Wooton 1994, Li and Wilson 1998, Levine 1999, Callaway and 
Pennings 2000, Inouye and Stinchcombe 2001).  In addition, species identity can 
influence community-level parameters such as richness and diversity through species-
specific responses to environmental variables (Reich et al. 2004).  Therefore, 
interactions among plants are potentially quite complex, but are important to consider 
with respect to the effects of global change on plant communities.   
 Competitive hierarchies may be a tool that can be used to predict the dominance 
of species under global change scenarios.  A competitive hierarchy - an ordered ranking 
from competitive dominant to competitive subordinate (Keddy 2001) - can be used to 
predict relative community composition if it can accurately predict dominance 
relationships among a suite of species.  If a competitive hierarchy can predict community 
structure, we can incorporate those relationships into the interpretation of plant 
community responses to global changes.  However, there have been few experiments 
specifically designed to determine whether competitive hierarchies do in fact predict 
community composition (Shipley 1994, Paul Keddy, pers. comm. 2003, but see Howard 
2001).  Therefore, investigations of the relevance of competitive hierarchies as a tool for 
predicting species abundances within communities may be useful for the fields of 
community ecology and global change biology. 
 Because of the importance of both biotic and abiotic factors in determining 
community composition, the goals of my project were (1) to examine the response of a 
constructed old-field plant community to elevated [CO2], warming, and soil moisture, and 
(2) to determine how competitive interactions may dictate the presence and abundance 
of species within old-field plant communities.  To meet my first goal, I conducted a large 
field experiment at Oak Ridge National Laboratory (OCCAM) during 2003 and 2004 
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where I monitored foliar cover, recruitment, and reproductive phenology for each of 
seven species planted within open-top chambers with a split-plot watering treatment and  
whole-chamber treatments of elevated [CO2] and warming.  I also monitored the 
community parameters of species richness, evenness, and diversity (Chapter 2).  Within 
communities, plant community composition and plant responses to treatments are often 
mediated by competition (Dukes 2002).  Therefore, as in accordance with my second 
goal, in a separate experiment I grew pairwise combinations of the species used in the 
OCCAM experiment and constructed a competitive hierarchy.  I then tested whether the 
competitive hierarchy predicted the abundance of species within intact communities 
under ambient conditions (Chapter 3).  If competitive hierarchies could explain ambient 
conditions, then it might be useful to explain the response to the environmental 
gradients.  In Chapter 4 I discuss this possibility as part of a synthesis of the results from 




Species-specific and community responses of an old-field plant community to 
interacting factors of elevated [CO2], warming, and soil moisture content 
 
This chapter is a revised version of a manuscript by the same name to be submitted to 
the journal Global Change Biology by E. Cayenne Engel, Jake F. Weltzin, and Richard J. 




Plant community composition and ecosystem function may be altered by global 
atmospheric and climatic change, particularly atmospheric [CO2] temperature, and 
precipitation.  A multi-factor experiment at Oak Ridge National Laboratory utilizes open-
top chambers to administer treatments of elevated CO2 (+300 ppm) and elevated 
temperature (+ 3 °C) in a split plot water treatment design.  We constructed plant 
communities consisting of seven common old-field species, including grasses, forbs, and 
legumes in 2002 and tracked foliar cover, recruitment, and reproductive phenology for 
each plant species, and determined changes in community diversity and evenness over 
the course of two growing seasons.  Species-specific responses were largely 
determined by the warming treatment, in which warming was detrimental to the foliar 
cover of legume, Trifolium pratense, and C3 bunchgrass, Dactylis glomerata.  
Conversely, both Andropogon virginicus (C4 grass) and Solidgao canadensis 
(herbaceous dicot) had higher foliar cover in warmed plots.  Foliar cover of Dactylis 
glomerata was also lower in dry treatment plots than in wet treatments.  However, while 
main effects dominated species-specific responses as well as diversity, evenness, and 
richness, interactive effects were apparent toward the end of the growing season.  For 
example, cover of Dactylis was four times greater only within wet plots under ambient 
temperatures than in all other treatment combinations late in the growing season of 2004 
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(temperature x water interaction; P < 0.02).  In the second year of treatments, diversity 
and evenness and richness were at least 10% lower in wet plots, where total foliar cover 
and dominance were greater.  Dactylis glomerata, Lespedeza cuneata, and Trifolium 
pretense were the most influential species to the community in various combinations at 
any given time throughout the course of the experiment.  Recruitment of new individuals 
in 2004 responded to treatments wherein only in dry plots under either ambient 
temperatures or elevated [CO2] was Dactylis glomerata recruitment higher than in all 
other treatments.  In addition warming advanced flowering dates for Andropogon 
virginicus and Solidago canadensis (P < 0.02).  However, Solidago canadensis flowered 
earlier in warmed plots only within elevated [CO2]. Interestingly, species that flower in 
spring and early summer did not respond to warming in terms of flowering dates and 
development.  Overall, species responded on a species-specific basis to factors of 
global climate change.  However, species-specific responses to not always culminate 
into responses at the community level, as measured by diversity and evenness.   
 
Introduction 
Anthropogenic increases in global atmospheric concentrations of CO2 ([CO2]) are 
predicted to increase mean global temperatures by 1.4 ºC to 5.8 ºC, which may shift 
global and regional precipitation and soil moisture regimes (IPCC 2001).  These abiotic 
factors are directly involved in regulating biological and chemical processes, and may 
affect the structure and function of terrestrial plant communities as atmospheric [CO2] 
continues to rise (Bazzaz et al. 1986, Polley et al. 1996, Körner 1995, Navas 1998, 
Zavaleta et al. 2003, Beier 2004).  Changes in plant species abundance and plant 
community composition are driven by the responses of individual species to atmospheric 
and global climate change (Reynolds 1996, Bernacci 2000, Poorter and Navas 2003).  In 
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turn, local to regional patterns and processes such as biological diversity, nutrient 
cycling, and carbon sequestration depend on the composition of plant species within and 
across communities (Naeem and Li 1997, Tilman 2000, Loreau et al. 2001, He et al 
2002, Morgan 2002, Pfisterer and Schmid 2002).   
The effects that predicted changes in [CO2], surface temperature, and soil 
moisture will have on terrestrial plant communities have been investigated using both 
theoretical and empirical approaches (Poorter et al. 1996, Leadley 1999, Shaver et al. 
2000, Rusted and Norby 2001, Knapp et al. 2002, Weltzin and McPherson 2003).  The 
majority of empirical research on plant community response to global change has 
considered individual effects of various global change drivers (Norby and Luo 2004).  
Single-factor experiments that manipulate temperature, [CO2], or soil moisture indicate 
the importance of these factors to the structure and function of plant communities 
through differential effects on species growth, phenology, and reproduction (Shaver et 
al. 2000, Loreau et al. 2001, Rustad et al. 2001, Norby et al. 2001, Weltzin et al. 2003, 
Nowak et al. 2004). 
However, various environmental factors that embody atmospheric and climatic 
change may interact to affect individual, community and ecosystem level processes, and 
the responses to combinations of factors may be different from responses of plants to 
factors acting alone (e.g., Long 1991, Morrison and Lawlor 1999, Poorter and Pérez-
Soba 2001).  For example, elevated [CO2] may release plants from water stress caused 
by warming (Zavaleta et al. 2003, Widodo et al. 2003, Li et al. 2004).  However, 
warming-induced reductions in availability of soil water may attenuate effects of elevated 
[CO2] (Niklaus and Körner 2004).  Moreover, increases in plant growth under elevated 
[CO2] may cause a more rapid depletion of other resources, such as water and nitrogen, 
which may limit plant performance (Koch and Mooney 1996, Field et al. 1997, 
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Pospisilova and Catsky 1999, Shaw et al. 2002).  Similarly, increases in temperature 
that increase evapotranspiration may affect soil water budgets, with ramifications for 
plant phenology and community productivity and composition (e.g., Zavaleta et al. 2003). 
To redress limitations of single-factor experiments, empirical research has 
recently started to consider factors of atmospheric and climatic changes in multifactorial 
designs (Norby et al. 1998, 2000, Smith et al. 2000, Weltzin et al. 2000, Lilley et al. 
2001, Norby et al. 2003, Gough and Hobbie 2003, Llorens et al. 2004, Volder et al. 
2004).  However, few studies have explicitly considered potential interactions among 
three or more global change factors, with the notable exception of the Jasper Ridge 
Global Change experiment, which includes crossed factors of [CO2], warming, water, 
and nitrogen (Shaw et al. 2002, Zavaleta et al. 2003 a, b, c, Henry et al. 2005). 
Despite the need for an integrated approach to determine how entire ecological 
systems may respond to global change (cf Field et al. 1992, Rustad et al. 2001, Norby 
and Luo 2004), few multi-factor global change experiments have been conducted within 
native ecological systems that contain multiple potentially interacting species (but see 
Smith et al. 2000, Shaw et al. 2002).  The response of plant communities to changes in 
resource availability is often mediated by species composition; diverse systems are 
more likely to contain species with a variety of responses, which may affect growth, 
demography, and productivity (Niklaus et al. 2001, Reich et al. 2004).  Predictions about 
how complex natural communities will respond to concurrent factors of global 
atmospheric and climatic change will require a whole-system approach to experimental 
manipulation of intact communities and ecosystems (Norby and Luo 2004). 
The goal of this research was to determine interactive effects of elevated 
atmospheric [CO2], increased air temperature, and altered soil moisture on the structure 
and function of old-field plant communities under field conditions in eastern Tennessee, 
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USA.  Our constructed model communities comprised seven common old-field annual 
and perennial plant species, including C3 grasses and dicots, nitrogen-fixing legumes, 
and a C4 grass.  Established communities were enclosed within open-top chambers to 
which we applied treatments of elevated [CO2], increased air temperatures, and “wet” 
and “dry” watering treatments in a crossed-factor, split-plot design.  Over the course of 
two growing seasons, we tracked foliar cover, recruitment, and reproductive phenology 





Research was conducted at the Oak Ridge National Laboratory (ORNL) 
Environmental Research Park in Oak Ridge, Tennessee (25° 54’ N; 84° 21’ W).  This 
site was abandoned from agriculture in 1943, and was converted to a managed fescue 
field in 1964 (Kelly 1975).  The soil is derived from floodplain alluvium deposited by the 
nearby Clinch River, and is classified as Captina silt loam -- fine-silty, siliceous, mesic 
typic fragiudult, well drained, and slightly acidic (Soil Conservation Service 1967, 
Edwards and Norby 1999).  Precipitation is generally evenly distributed throughout the 
year with an annual mean of 1322 mm; the average July maximimum temperature is 
31.2°C and the average January minimum temperature is -2.7°C. 
 
Experimental design 
Atmospheric [CO2], air temperature, and soil moisture of constructed old-field 
plant communities were administered through the use of open-top chambers (OTC’s) 
surrounding 12 12.6 m2 circular whole-plots arranged in a randomized complete block 
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split-plot design.  Each whole-plot enclosed within an OTC is equipped with an open-
sided precipitation shelter to control inputs of precipitation.  Whole-plots receive 
treatments of ambient and elevated [CO2] (ambient + 300 ppm), and ambient and 
elevated temperature (ambient +3 °C).  Each whole-plot is split along its diameter into 
two 6.3 m2 experimental units; each (split) plot is assigned to one of two soil moisture 
treatments (‘wet,’ ‘dry’) created by differential irrigation.  Each 6.3 m2 plot represents a 
unique soil moisture, [CO2], and temperature treatment within one of three blocks (n=3). 
 
Plot construction and planting 
Construction of plots was initiated in early summer 2002, when existing 
vegetation within each plot was killed with an application of glyphosate herbicide.  Dead 
plant material and aboveground meristems were removed by gently scraping away the 
top 1 cm of soil with a hoe.  Each whole-plot was trenched to a depth of at least 75 cm 
around its perimeter, as well as along its diameter in a north-south direction to create a 
split-plot for the water treatment.  
While trenches were open, we installed time domain reflectometry (TDR) probes 
(with 15-cm long tines) to monitor soil volumetric water content (VWC) within each plot.  
Probes were positioned in two vertical arrays along the outer perimeter of each plot, at 
depths of 10, 30, and 50 cm.  (Two probes were later added to the surface of each plot, 
for a total of eight probes per plot.)  Trenches were then lined with 4-mil polyvinyl 
chloride (PVC) film and insulating foam panels to minimize lateral flow of subsurface 
water and heat, into and out of the plot soil volume.  Lined trenches were backfilled with 
packed soil; field soil within each plot was otherwise left intact.  
Plots were planted with seven plant species common to old-field communities in 
the southeastern United States (Table 1, all tables and figures are located in the 
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appendix).  Plant species (hereafter referred to by genus) were selected using criteria 
such as habit, functional group, life-history, and abundance to best represent the 
composition of typical old-field plant communities in the region (cf Tracy and Sanderson 
2000, Price and Weltzin 2003).  Seedlings 10-15 cm tall established in a 1:1 mix of field 
and potting soil within a greenhouse at the University of Tennessee were transplanted 
into the field plots in August 2002. Twenty-five seedlings of each species were planted in 
an identical, predetermined array (at 18-cm spacing) within each plot, in a manner such 
that no individual neighbored a conspecific. The few plants that died within 4 weeks of 
transplanting were replaced with individuals of the same species maintained in the 
greenhouse for that purpose.  Plots were watered as necessary for the first 3 months 
after transplanting to ensure establishment of seedlings.  All plants not in the original 
planted array were removed by hand-weeding until treatment initiation in spring 2003; 
thereafter, we weeded only those species not included in our list of seven planted 
species. 
Within each plot we designated two permanent (0.49 m2) subplots from which we 
collected plant response data throughout the experiment.  At treatment initiation, each 
subplot contained 16 individual plants, with one to three individuals of each of the seven 
planted species.  Subplots were established in consistent locations within each plot; 
therefore, each subplot had an identical initial species composition and layout. 
 
Experimental infrastructure 
   OTCs were constructed of aluminum frames (4 m diameter, 2.5 m height) 
covered with clear PVC panels; the double-walled panel on the lower half of each OTC 
was perforated on the inner wall with 2.5 cm holes, through which air of the appropriate 
temperature and [CO2] flowed (Rogers et al. 1983).  Chambers are equipped with 
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evaporative coolers coupled to in-line heating coils to maintain desired temperatures.  
Pure CO2 is introduced into the chamber plenum at a constant rate to achieve a CO2 
enrichment of 300 ppm over ambient air.  Temperature and CO2 controls are achieved 
through a modification of methods described in Norby et al. (1997). 
Rainout shelters over each OTC measured 6 m x 5 m, and were constructed of 
6-mil PVC film stretched over 9-cm width pressed steel greenhouse bows affixed to a 
steel frame.  Rainwater collected from the tin roof of a nearby warehouse was stored in 
10,000 liter tanks, and was applied to plots as appropriate with a pump, hose, and 
irrigation wand coupled to a digital totalizer. 
 
Treatment application and monitoring 
Temperature and [CO2] treatments were initiated in April 2003, and were 
maintained 24 hd-1 throughout the year.  Atmospheric variables of air temperature and 
[CO2] were continuously monitored.  Mean air temperatures between 13 May 2003 and 
31 December 2004 were 15.9 +/- 0.1 °C in ambient-temperature chambers and 18.5 +/- 
0.3 °C in elevated temperature chambers; the error term is the standard deviation across 
the six chambers within a temperature regime over the 2-year period. The differential 
between chamber air temperature and outside temperature averaged 0.55 +/- 0.23 °C 
and 3.20 +/- 0.21 °C in ambient and elevated-temperature chambers, respectively. The 
hourly-averaged temperature differentials were within 0.5 °C of the mean 74% of the 
time in ambient-temperature chambers and 89% of the time in elevated-temperature 
chambers. CO2 concentration within the chambers during daylight hours averaged 395.6 
+/- 2.8 ppm in ambient [CO2] chambers and 695.8 +/- 10.0 ppm in elevated [CO2] 
chambers. The standard deviations represent the variation across the six chambers 
within a CO2 treatment; the standard deviations of the hourly observations over two 
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years were 29.2 ppm and 71.5 ppm in ambient and elevated [CO2] chambers, 
respectively. 
Irrigation treatments initiated in June 2003 were based on long-term mean 
weekly precipitation records from the nearby Oak Ridge, Tennessee, weather station, 
modified by ± 50% to create ‘wet’ and ‘dry’ irrigation treatments  Soil VWC was recorded 
three times weekly during the growing season (March – October), and twice weekly 
when plants were senescent (November – February).  During the 2003 growing season, 
VWC at all soil depths differed little between wet and dry treatments (Weltzin, 
unpublished data); therefore, in September 2003, we modified our irrigation protocol to 
weekly additions of 2 mm (dry) and 25 mm (wet).  Between December 2003 and March 
2004, VWC at 0-15 cm soil depth averaged 28.5% ± 0.2% and 32.6% ± 0.2% in dry and 
wet plots, respectively.  During the 2004 growing season, VWC averaged 17.5% ± 0.5% 
and 22.3% ± 0.5% in dry and wet plots, respectively.  
 
Data collection  
We visually estimated green foliar cover (%) for each species within each subplot 
based on a modified Domin-Krajina cover scale, where all species within subplots were 
classified into one of nine cover classes (Mueller-Dombois and Ellenberg 1974).  Cover 
data were recorded monthly between May 2003 and December 2003, and between April 
2004 and December 2004.  For each sample date, we determined species richness (S), 
and calculated Shannon’s diversity (H’) and evenness (J’) of foliar cover (Shannon 
1948).  J’ was calculated as H’/log(S).  We assessed recruitment of target plant species 
in 2004 by counting all individuals of each species present within each subplot in May, 
July, and September 2004. 
 16 
During the 2004 growing season, we recorded reproductive phenology weekly for 
most species by counting the number of flowers or inflorescences in four phenological 
stages of floral development: (1) buds developed, (2) open flowers, (3) closure of flowers 
and initiation of fruit development, and (4) initiation of seed rain (adapted from Price and 
Waser 1998).  Lespedeza and Trifolium flowers were only recorded as stage 2 because 
flowers became too numerous to count.  For Solidago, Plantago, and the grasses, we 
recorded reproductive data for inflorescences rather than for individual flowers because 
of the numerous flowers on each inflorescence.   
We developed an index of the time to “floral maturity”, defined as the midpoint 
between open flowers and floral closure and fruit initiation calculated from a linear 
regression between phenological stage and he mean day of year (DOY) at which 
species within the subplots reached each stage using the procedure described by Price 
and Waser (1998).  To monitor phenological shifts, we analyzed the average DOY at 
which species began bud initiation and floral maturity.  We also quantified reproductive 
output by assessing the number of reproductive culms for each of the grass species, and 
the number of inflorescences for Solidago and Plantago. We do not present floral 
maturity data for Plantago because they flowered continually throughout the summer; 
therefore, the data were uninterpretable. 
 
Data analysis 
We analyzed species-specific and total foliar cover, plant density, number of 
inflorescences, the DOY that flowers first developed buds and reached floral maturity, 
and diversity, evenness, and richness for main and interactive fixed effects of [CO2], 
temperature, and soil moisture.  Data were analyzed for each date with separate mixed-
model analyses of variance (ANOVA; procedure MIXED; SAS Institute 1999).  Where 
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treatment effects were detected (a = 0.05), we used Tukey’s test of means comparisons 
to separate means.  Relationships between species cover in May, August, and October 
of 2003 and 2004, and H’ and J’ were analyzed with stepwise multiple regressions 
where a = 0.05 for inclusion into the model (procedure REG; SAS Institute 1999).  All 
data were tested for normality using the Shapiro-Wilk W statistic, and data were log-
transformed as necessary (Shapiro and Wilk 1965).  Non-transformed means and 
standard errors are presented in the results.   
 
Results 
Total and species-specific foliar cover  
Throughout the first growing season (in 2003), total foliar cover was little affected by the 
various treatments.  During the second growing season (in 2004), total foliar cover was 
typically greater in wet plots than in dry plots (Figure 1.1a). Late in the second growing 
season, total foliar cover was greater in ambient temperature plots than in warmed plots 
(Figure 1.1b).  Moreover, between September and December 2004, increased soil 
moisture supported greater foliar cover only at ambient temperatures within wet plots, 
where total foliar cover was at least 41% greater (85% ± 7%) than in all other treatment 
combinations (warming × water interaction; P < 0.10). 
 Trifolium, Dactylis, and Lespedeza were the three dominant species (with mean 
foliar cover >25% across treatments at peak cover) within the plant community after 
initial establishment (Table 1.1).  Cover of Trifolium in May, July and August 2003 was 
greater in ambient temperature plots than in warmed plots (Figure 1.2a).  In 2004, 
Trifolium declined sharply, regardless of treatment (Table 1.1, Figure 1.2a).  Cover of 
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Andropogon during most of the 2003 and 2004 growing seasons was greater in warmed 
plots than in ambient temperature plots (Figure 1.2b). 
Cover of Solidago was greater in warmed plots than in ambient temperature plots 
on all but the first monitoring date in both the 2003 and 2004 growing seasons (Figure 
1.3a).  Cover of Solidago was unaffected by the CO2 treatment in 2003; however, during 
the bulk of the 2004 growing season, cover of Solidago was greater under ambient [CO2] 
than under elevated [CO2] (Figure 1.3b).  Cover of Solidago in warmed plots with 
ambient [CO2] in August, September, and December was at least 2.5 times greater than 
in all other treatment combinations (CO2 × warming interaction; P < 0.04).   
Cover of Dactylis during 2003 was not affected by the various treatments.  
However, after May 2004, cover of Dactylis was greater in ambient temperature plots 
than in warmed plots (Figure 1.4a), and was also greater in wet plots than in dry plots 
(Figure 1.4b).  Late in the 2004 growing season (i.e., in September and October), cover 
of Dactylis in wet plots at ambient temperature was on average 36% ± 8%, which was 
about four times greater than the cover of Dactylis in all other treatment combinations 
(warming × water interaction; P < 0.02).   
 
Richness, diversity, and evenness 
Shannon’s diversity (H’) and evenness (J’) were typically greater in dry plots than 
in wet plots during 2004 (Figure 1.5a, b).  In 2004, H’ was also greater under ambient 
[CO2] than under elevated [CO2] in July (0.59 ± 0.03 and 0.49 ± 0.03, respectively; P = 
0.02), October (0.59 ± 0.03 and 0.41 ± 0.03; P = 0.05) and December (0.48 ± 0.04 and 
0.37 ± 0.04; P = 0.08).  Species richness declined over time, particularly in wet plots in 
2004 (Figure 1.5c).  The drop in species richness can be attributed to three species, 
Festuca, Plantago, and Trifolium, which in October 2004 were present in only 75%, 67%, 
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and 58% of plots, respectively.  The other four species were each present in over 96% of 
plots.  In both 2003 and 2004, H’ and J’ were typically negatively correlated with cover of 
the dominant species Dactylis, Lespedeza and Trifolium, regardless of treatment (Table 
1.2).  However, on all dates, H’ was negatively correlated with cover of Dactylis only in 
wet plots (Figure 1.6, P < 0.04, r = -0.51).  
 
Recruitment 
Recruitment of Plantago in 2004 was greater (P = 0.06) in ambient temperature 
plots (24 ± 8 individuals m-2) than in warmed plots (6 ± 2 individuals individuals m-2).  
Within dry plots, warming reduced recruitment of Dactylis (temperature × water 
interaction; P = 0.02; Figure 1.7a), whereas elevated [CO2] increased recruitment of 
Dactylis (CO2 × water interaction; P = 0.01; Figure 1.7b).   
 
Plant reproductive phenology and production of inflorescences 
Warming advanced bud development for Andropogon (P = 0.01) and Solidago (P 
= 0.02) by about 29 days and 21 days, respectively (Table 1.3).  Solidago was the only 
species in which floral maturity was affected by treatments.  Flowers of Solidago 
matured earlier in warmed plots.  Buds of Dactylis in warm, dry plots developed at least 
12 days later than in other combinations of warming and water treatments (warming × 
water; P = 0.05).  Within elevated CO2 plots, Solidago reached floral maturity on DOY 
210 ± 9 in warmed plots, and DOY 248 ± 15 in ambient temperature plots (warming × 
CO2 interaction, P = 0.09).   
In 2004, Dactylis produced more (P < 0.04) reproductive culms in wet plots (4.0 ± 
1.2) than in dry plots (1.6 ± 0.5), and in ambient temperature plots (4.6 ± 1.2) than in 
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warmed plots (1.0 ± 0.4).  In 2003, Andropogon produced more (P = 0.04) 
inflorescences in warmed plots (3.7 ± 0.8) than in ambient temperature plots (2.0 ± 0.3).  
 
Discussion 
Most of the species or community responses to treatments were responses to 
the main effects of water and warming.  Total foliar cover, species-specific foliar cover, 
H’, J’, S, abundance of Plantago and flowering date were affected almost solely by the 
water or warming treatments, or an interaction between water and warming treatments.  
This response is consistent with other research (Sternberg et al. 1999, Knapp et al. 
2002, Zavaleta et al. 2003 a, b) that indicates the importance of water limitation to plant 
community development in light of climatic and atmospheric change.  However, reduced 
VWC was generally detrimental to total and species-specific foliar cover, but the 
direction of the response to warming varies by species.  In addition, warming was the 
most influential main effect on species-specific foliar cover.   
There were relatively few interactions among treatments.  Interactions that did 
occur were mostly between water and warming.  Warming reduced soil moisture, where 
soil moisture was always lower in the warmed plots than in ambient temperature plots 
within both the high and low watering treatments (Allen unpub. data).  Cover of Dactylis 
and Solidago responded to interactions among treatments, and those interactions only 
emerged after August 2004, during the peak temperatures and lowest VWC of the 
season (Allen, unpub. data).  Temperature and water are inherently linked due to the 
physical processes of warming increasing evaporation and evaporatranspiration.  Water 
and temperature on their own are each important to plant communities, but temperature 
may control the availability of water in plots, as indicated by interactions late in 2004.    
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We did not observe  the expected responses based on functional group 
membership.  Studies of functional group performance suggest that species with a C3 
photosynthetic pathway should benefit more from elevated [CO2] than those with a C4 
photosynthetic pathway, whereas species with a C4 photosynthetic pathway should be 
less negatively affected by warming in environments more prone to stresses like drought 
(Poorter 1993, Polley et al. 1996, Williams et al. 1998, Poorter and Navas 2003).  
However, the assumptions of functional group membership dictating species responses 
do not always accurately predict species response (Poorter 1993, Owensby et al. 1997, 
Wand et al. 1999).  In addition, variation in plant responses within functional groups may 
be greater than variation among functional groups (Reich 2001, 2003, Hanley et al. 
2004, Morgan et al. 2004).   
Warming generally reduces the yield of crops because of accelerated plant 
development (Wheeler et al. 1996, Batts et al. 1998, Van Oijen et al 1999), thus our 
outcome of beneficial warming for plant growth at the magnitude that we observed is 
unexpected.  While we would not necessarily expect detrimental impacts of warming on 
species that develop later in the season, and we even may expect a slight benefit to 
those species depending on their physiological optima, a much greater dominance of 
Andropogon in warmed plots (approximately 300% increase in cover) is perplexing. 
We assume that this benefit of the warming treatment can be due to either of two 
factors 1) earlier seasonal development, and 2) decreased suppression from dominant 
species. Solidago was the only species in which we observed the development of cover 
earlier due to warming.  Greater cover of Solidago in warmed plots and in elevated [CO2] 
plots is not correlated with foliar cover of the other species in the plots, or with light 
availability under the canopy (unpublished data).  Therefore, we assume that Solidago 
benefits physiologically from warming.  However, we could not find a relationship 
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between light availability or the dominance of neighbor species to greater Solidago cover 
under elevated [CO2].   
Cover of Andropogon increased after many dominant species (as well as total 
cover) began to diminish during the heat of the season.  While cover of Andropogon was 
not correlated with light availability, cover of Andropogon is negatively related to the total 
foliar cover of all other species only within warmed plots, thereby partially explaining 
greater Andropogon cover within warmed plots (P = 0.08, r = -0.51, n = 12).  Therefore, 
the positive response associated with warming at least in Andropogon may be an 
indirect effect mediated by lower cover of other species due to warming. 
Responses of reproductive phenology to treatments occurred only in species that 
developed later in the season.  In Andropogon, warming initiated earlier flowering, but 
did not advance the date plants reached anthesis.  We expected the C3 grasses and 
forbs that develop relatively early in the growing season to reproduce earlier due to 
warming (Price and Waser 1998), but we did not observe temporal shifts due to warming 
in the flowering dates of most species.  Because the reproductive development of early 
season species (i.e., C3 grasses, Plantago, and Trifolium) were not affected by warming, 
spring warming apparently is not a strong cue for reproductive development, rather, their 
reproductive success was more closely linked treatments in which the plants had greater 
foliar cover. 
 Certain dominant species (Dactylis, Lespedeza and Trifolium, depending on 
seasonal trends) were the most important species that explained diversity or evenness.  
Responses of the dominant species to treatments were expected to drive the whole 
community responses to treatments.  However, Dactylis was the only species to respond 
to the water treatment (Figure 1.6).  Therefore, because H’ and J’ were both lower in wet 
plots, where Dactylis was more successful, we conclude that the response of Dactylis is 
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driving the community level responses.  The reduction in species richness at the end of 
2004 was primarily the result of the loss of three species, Plantago, Festuca, and Clover.  
Because Plantago is an annual, we would expect extirpation at the end of each year, 
whereas, Festuca and Trifolium are perennial species, thus we expect that this indicates 
local extirpation. 
Plantago and Clover are often some of the first species to colonize bare patches, 
as well as the first species to disappear early in succession (Huusela-Veistola and 
Vasarainen 2000, Potvin and Vasseur 1997, Tilman 1987).  Plantago was one of the 
species with the greatest cover at the establishment of the experiment, but cover of 
Plantago decreased through the course of the experiment.  This is expected, since 
Plantago is highly unlikely to overshade anything, but likely to be one of the first species 
shaded out.  Trifolium followed the paradigm that broad leafed dicots are generally some 
of the first species to be outcompeted during early succession (Huston and Smith 1987).   
The shifts that we observed in species abundances across two years and 
throughout the seasons reflect successional shifts in community composition.  The 
abundance of monocots often increases in the early stages of succession as the 
varieties of short lived and broad leaved species become less abundant (Huusela-
Veistola and Vasarainen 2000, Stampfli and Zeiter 1999, Keever 1950).  Dactylis 
remained one of the most dominant and influential species in our plots throughout the 
experiment.  While the cover proportions of Andropogon and Solidago have remained 
relatively constant through the experiment, they are expected to gain in dominance 
throughout  early succession (Oosting 1942, Keever 1950.)  In addition, Lespedeza 
gained in dominance through the course of the experiment.   
 Our results indicate that water availability may dictate how plant communities 
respond to the environmental stimuli of warming.  Surprisingly few interactions among 
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treatments (especially involving [CO2]) affected species or community responses.  
Contrary to our expectations, we saw no CO2 amelioration of detrimental warming and 
drought effects on plants, regardless of whether we were looking at the species 
responses, or community level metrics.  The warmer months appeared to suppress plant 
communities where water limitation and temperature × water interactions limited plant 
success enough that elevated [CO2] did not compensate through water savings.  This is 
surprising given that photosynthesis rates increased in elevated [CO2] along with a 
concomitant decrease in stomatal conductance (Souza and Nagel, in prep).  
 
Conclusions 
 Warming and water were the most important of the global change factors that we 
manipulated in our old-field plant communities.  While most of the constituent species 
responded to the single factor of warming (whether warming was beneficial or 
detrimental to the species), the community level metrics of H’, J’ and S were lower in wet 
plots than in dry plots.  This response was apparently driven by greater foliar cover of 
Dactylis in wet plots.  Toward the end of the growing season, interactive effects emerged 
in foliar cover of Dactylis and Solidago.  Overall, species within the communities were 
more responsive to main effects than to interactions among the manipulated factors.     
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CHAPTER 3 
A competitive hierarchy of seven common old-field species: Can pairwise 
comparisons predict species abundance in an intact community? 
 
This chapter is a revised version of a manuscript of the same name to be submitted to 
the journal Ecology Letters  by E. Cayenne Engel and Jake F. Weltzin.  My use of “we” 
in this chapter refers to the co-author and myself. 
 
Summary 
 Plant communities are often structured by interactions among constituent species 
such as competition or facilitation.  If competition is an important factor that controls the 
presence and absence of species within intact communities, then a competitive 
hierarchy, a ranked order from competitive dominant to competitive subordinate, should 
be a useful tool to predict the composition of intact communities.  We tested whether a 
competitive hierarchy derived from pairwise comparisons accurately predicts species 
abundances within a polyculture.  We used seven species common to old-field 
communities, and conducted a pot experiment in field conditions wherein we grew the 
species in all possible comparisons, then created a competitive hierarchy derived from 
both competitive effect and competitive response.  Concurrently, at the same site, we 
constructed polycultures consisting of the same seven species and calculated an 
abundance hierarchy based on foliar cover, biomass, and an index of species 
performance.  The competitive hierarchy was not concordant with the abundance 
hierarchy, indicating that simple pairwise comparisons are not robust enough to account 







Coexistence of species within communities can be controlled by abiotic factors, 
such as resource availability, as well as biotic factors, including interactions among 
species within that community (Grime 1977, Connell 1983, Schoener 1983, Huston and 
Smith 1987, Miller and Werner 1987, Goldberg and Barton 1992, Callaway and Walker 
1997, Howard and Goldberg 2001).  The relative strength of competitive abilities among 
species may determine the number and relative abundance of species within 
communities (Grime 1977, Tilman 1977, 1980, Huston and Smith 1987, Keddy and 
Shipley 1989, Keddy 1990, Keddy 2001).  If environmental conditions are held constant, 
organisms with a higher competitive ability should inhibit the growth of those with a lower 
competitive ability leading to a predictable rank order of dominance within the community 
(Keddy 2001).  A competitive hierarchy, a ranked order from competitive dominant to 
competitive subordinate, is often derived to explain the composition and structure of 
communities (Miller 1987, Goldberg and Barton 1992, Keddy, 2001).  Competitive 
hierarchies are often constructed by comparing how plants both affect, and are affected 
by, the growth of other plants (Goldberg and Landa 1991, Rosch et al. 1997, Connoly et 
al. 2001, Gough et al. 2001, Suding 2001, Peltzer and Kocky 2001, Keddy et al. 2002, 
Coomes and Grubb 2003, Jakobsson and Eriksson 2003).   
Competitive hierarchies are often based on experiments that examine pairwise 
comparisons among species and that quantify the relative impacts of competitive effect 
(i.e., the ability of a species to suppress other species) and competitive response (i.e., 
the ability of a species to withstand suppression by other species) (Norrington-Davies 
1967, Goldberg and Landa 1991, Goldsmith 1978, Fowler 1982, Moore and Williams 
1983, Mitchley and Grub 1986, Miller and Werner 1987, Grace et al. 1992).  However, 
these hierarchies are rarely developed in field situations that reflect environmental 
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conditions similar to those that intact communities experience.  For example, many 
experiments are conducted in pots with artificial substrate and are often conducted in 
glasshouses as opposed to field conditions.  Hierarchies derived in artificial situations 
may less accurately predict field abundances than hierarchies constructed from 
conditions comparable to the field environment (Wilson and Keddy 1989, Karez 2003). 
Rankings of predicted hierarchies derived from competition experiments are 
assumed to remain constant within polycultures even though experimental tests of 
competitive hierarchies as tools for predicting abundance within natural plant 
communities are scarce (Shipley 1994, Paul Keddy, pers. comm. 2003).  We are only 
aware of one study that compares a competitive hierarchy derived from a competition 
experiment to species abundances in an intact community.  Howard (2001) investigated 
the correlation between competitive effects and species abundance within a field and 
found that total competitive effect was not correlated with relative abundance within the 
community.  The lack of correlation between competitive effect and abundance sheds 
doubt on the ability of competitive hierarchies to predict abundance in intact 
communities.   
To assess the validity of competitive hierarchies for predicting abundances of 
plant species in communities under field conditions, we conducted an experiment that 
accounted for the previously mentioned shortcomings.  We derived a competitive 
hierarchy from a pot experiment in which we grew pairwise combinations of seven 
species common to old-field communities in the southeastern United States.  At the 
same time, under ambient field conditions, and at the same time, we constructed 
polycultures of all seven species.  We then compared the hierarchy derived from the 
competition experiment to abundance rankings within the polycultures for each of two 
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years to test if the rankings between the derived hierarchy and the rank of species 




Research was conducted at the Oak Ridge National Laboratory (ORNL) 
Environmental Research Park in Oak Ridge, Tennessee (25° 54’ N; 84° 21’ W).  This 
site was abandoned from agriculture in 1943, and was converted to a managed fescue 
field in 1964 (Kelly 1975).  The soil is derived from floodplain alluvium deposited by the 
nearby Clinch River, and is classified as Captina silt loam -- fine-silty, siliceous, mesic 
typic fragiudult, well drained, and slightly acidic (Soil Conservation Service 1967, 
Edwards and Norby 1999).  Mean annual precipitation is 1322 mm; mean annual 
temperature is 13.9 °C (Norby et al. 2001).  Fields nearby are dominated by Festuca 
pratensis L., Andropogon virginicus L., Solidago gigantea Ait., Lonicera japonica Thunb. 
and Trifolium repens L. (Edwards and Norby 1999).   
The seven old-field species we selected for this study were a C4 grass 
Andropogon virginicus L., C3 grasses Dactylis glomerata L., and Festuca pretense L., 
nitrogen-fixing legumes Lespedeza cuneata (Dum. Cours.) G. Don and Trifolium 
pratense L, and herbaceous dicots Plantago lanceolata L., and Solidago Canadensis L.  
Species are hereafter referred to by their genus name.   
 
Competition experiment 
Soil was collected onsite.  We removed the top 4 cm to minimize the seed bank 
and collected soil from depths < 30 cm and homogenized it by sifting through a 1-cm 
sieve before placing in 8.8 l pots.  Geotextile cloth was used to cover the drainage holes 
 30 
to minimize movement of roots into and out of the pots.  The seven species were 
established as seed in the University of Tennessee greenhouse in February 2003, and 
were transplanted into prepared pots in May 2003, when they were approximately 10 cm 
tall.  Inter- and intraspecific pairs of individuals for each of the seven species (i.e., 21 
interspecific pairings, and 7 intraspecific pairs) were planted into pots where within each 
pot we planted two individuals in appropriate treatment combinations with one individual 
in the center of each half of the pot (n=4, 112 pots total).  Plants were destructively 
harvested after six months.   
   In the field, we drilled a grid of holes with an auger to the depth of the pots, 
where rows were placed 70 cm apart, with 50 cm between pots within each row.  Pots 
were placed in randomly assigned locations.  We built a 2.5 m tall fence around the 
competition experiment to exclude herbivores.   After initial planting into pots, plants 
were watered once with a solution of 4-12-4 NPK liquid fertilizer to help with 
establishment.  Pots were watered on occasion during July and August, otherwise, they 
received no supplemental rainfall.  Plants were destructively harvested in October 2003, 
when above- and belowground biomass were separated by clipping aboveground, and 
the belowground biomass was collected using a wet flotation technique where roots 
were washed in water at the time of extraction.  Samples were air-dried in an oven at 60 
ºC until samples reached constant mass.   
 
Community experiment 
 At the same site, we created polycultures of all seven species in three blocks 
each of which included two plots.  Construction of plots was initiated in summer 2002, 
when existing vegetation within each plot was killed with an application of glyphosate 
herbicide.  We constructed three 12.6 m2 circular whole-plots, each of which was 
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trenched to a depth of 75 cm along its diameter and perimeter to create two 6.3 m2 
experimental units per whole-plot.  Trenches were lined with insulating foam and 4-mil 
polyvinyl chloride (PVC) film to minimize lateral flow of water on the soil surface and 
subsurface.  Dead plant biomass and aboveground meristems were eliminated by gently 
removing the top 1 cm layer of soil with a hoe.  Field soil within each plot was otherwise 
left intact.   
Seedlings 10-15 cm tall established in a 1:1 mix of field and potting soil within a 
greenhouse at the University of Tennessee were transplanted into the field plots in 
August 2002. Twenty-five seedlings of each species were planted in an identical, 
predetermined array (at 18 cm spacing) within each plot, in a manner such that no 
individual neighbored a conspecific.  The few plants that died within 4 weeks of 
transplanting were replaced with individuals of the same species maintained in the 
greenhouse for that purpose.  Plots were watered as necessary for the first three months 
after transplanting to ensure establishment of seedlings.  All plants not in the original 
planted array were removed by hand-weeding until treatment initiation in spring 2003; 
thereafter, we weeded only those species not included in our list of seven planted 
species. 
  Within each plot we designated two (0.49 m2) permanent subplots from which we 
collected data throughout the experiment.  At treatment initiation, each subplot contained 
16 individual plants, with at least one, but no more than three individuals of each of the 
seven planted species.  Each subplot had identical initial species composition and 
layout. 
We monitored foliar cover of each plant species within each subplot monthly 
during 2003 and 2004 using a modified Domin-Krajina scale (Mueller-Dombois and 
Ellenberg 1974).  In 2003, we determined species specific biomass by clipping at 2 cm 
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height, then drying and weighing each plant present within a separate subplot from that 
used to track foliar cover.  In 2004 we used nondestructive techniques to estimate 
biomass using algorithms (e.g., mean shoot or tiller mass, least-squares simple and 
multiple regressions) calculated for measurements of various canopy components in 
2004.  We calculated an importance value (IV) as the sum of species-specific relative 
foliar cover and species-specific relative biomass to give us a single metric of community 
composition for each year. 
 
Statistical analysis - competition experiment 
  We assessed the response of a species to competition by calculating 
the relative yield per plant (RYP) derived from whole plant biomass for each individual, 
RYPij = Yij/Yii                               (1) 
where RYPij is the relative yield per plant of species i grown with species j, Yij is the yield 
of an individual of species i grown with an individual of species j, and Yii is the yield of an 
individual of species i grown in monoculture.  Values of RYPij > 1 indicate that species i 
has greater yield when grown with species j than when grown in monoculture.  Thus, 
species j is less competitive than species i.  When RYPij < 1, j is a better competitor than 
i. 
From the RYP scores we formed a matrix of average RYPs for each combination 
of species grown together, where columns consist of target species, and the rows 
consist of neighbor species with which the target species were grown.  From the matrix, 
we calculated a target score (analogous to competitive effect), and a neighbor score 
(analogous to competitive response) for the matrix of RYPs (cf Wilson and Keddy 1986, 
Goldberg and Landa 1991, Keddy 2001).  Target scores are defined as the RYP of 
target plants averaged across all combinations of a species grown with each neighbor 
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species, i.e., the mean across each column of the matrix.  The neighbor score is the 
mean RYP of each species functioning as a neighbor to each target species, i.e., the 
mean across each row of the matrix.  Greater target scores denote better competitors, 
indicating that a species grew better with neighbors than it does in monoculture, while 
lower neighbor scores denote that a neighbor species was a better competitor, indicating 
that the target species grew more poorly with the neighbor.  We analyzed target and 
neighbor scores using the raw RYP values with a one-way analysis of variance (proc 
GLM, SAS Institute 1999).  Target and neighbor scores were log transformed when they 
did not meet assumptions of normality using Shapiro-Wilk W-statistic (Shapiro and Wilk 
1965).  Nontransformed means are presented in tables.   
We ranked the target scores and the neighbor scores separately by ranking them 
ordinally to produce individual hierarchies.  Ties within a hierarchy were assigned equal 
positions, and the ranking was adjusted so that the range was between 1 and 7.  An 
overall competitive hierarchy which we will call the “competition hierarchy” was 
calculated by summing the ranks of the target scores and neighbor scores, then ranking 
that numerical sum to form a hierarchy that incorporates target and neighbor scores 
equally. 
 
Statistical analysis – community experiment 
For statistical analysis, we used the data from September from both years 
because that is the month of peak cover for the polycultures.  Analyses of foliar cover, 
biomass, and IV within the intact communities were conducted using a one-way mixed 
model ANOVA in a block design (proc Mixed, SAS Institute 1999).  Tukey’s least 
significant differences (LSDs) tests were used for multiple means comparisons.  All data 
were tested for normality using the Shapiro-Wilk W-statistic and equality of variances 
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were assessed using Levene’s test (Levene 1960).  Foliar cover data were arcsine-
square root transformed as appropriate to meet assumptions of normality.  
Nontransformed means are presented in tables.  
 
Concordance among hierarchies 
Agreement among hierarchies derived from the competition experiment and the 
polycultures were tested with Kendall’s coefficient of concordance (Kendall’s W) for 
multiple comparisons.  We used Kendall’s W to compare the hierarchies derived from 
target scores, neighbor scores, and the competition hierarchy, and also foliar cover, 
biomass, and the IV for each year (Sokal and Rohlf 1995).  We also used Kendall’s tau 
(Kendall and Gibbons 1990) to assess concordance of the competition hierarchy and the 
hierarchy of species abundance within the polycultures.  
 
Results 
Biomass from the competition experiment  
Biomass of Andropogon was greatest when grown with Festuca or Solidago, and 
least when grown with Dactylis, Plantago, or another Andropogon (Table 2.1).  Biomass 
of Dactylis was greatest when grown with Andropogon, least when grown with Plantago, 
and intermediate when grown with all other species.  Biomass of Lespedeza was 
greatest when grown with Dactylis, Solidago, or another Lespedeza; in contrast biomass 
of Lespedeza was least when grown with Andropogon, Festuca, and Plantago.  Festuca, 





Competitive hierarchy for the competition experiment 
Based on target scores, Andropogon ranked as the most competitive species, 
whereas Festuca ranked as least competitive species (Table 2.2).  In terms of neighbor 
scores, Plantago had the strongest competitive effect, and whereas Festuca had the 
weakest competitive effect; Dactylis, Festuca, Lespedeza, Solidago, and Trifolium had 
intermediate neighbor scores.  Andropogon was ranked highest in the competition 
hierarchy, whereas Festuca ranked as the poorest competitor.  The rankings of the 
target, neighbor, and the competition hierarchy were concordant (Kendall’s W = 0.86; P 
= 0.0004).  Therefore, we will use the competition hierarchy rather than the target score 
ranks and the neighbor score ranks separately to compare to the rankings derived from 
the polycultures.  
 
Polyculture composition  
Dactylis had greatest cover, biomass and importance value in the plots in 2003, 
as such, the species was ranked highest in the hierarchies of abundance within the 
polycultures (Table 2.3).  In contrast, Solidago and Trifolium contributed relatively little in 
2003, and thus were ranked relatively low.  In 2004, Andropogon and Dactylis have the 
greatest cover, biomass, and the highest importance value, whereas Festuca and 
Solidago were the lowest ranked species.  The hierarchies based on cover, biomass, 
and IV were concordant in both 2003 (Kendall’s W = 0.90; P < 0.0001) and 2004 
(Kendall’s W = 0.84; P = 0.0007).  Therefore, we can compare the competition hierarchy 
to the IV ranks from the polycultures, hereforth within the text called “polyculture 
hierarchy”, for 2003 and 2004 separately.  However, the polyculture hierarchies differed 
(i.e., were not concordant P = 0.18) between 2003 and 2004.   
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Competitive hierarchy versus  polyculture composition 
 The competitive hierarchy and the polyculture hierarchy were not concordant 
either 2003 or 2004 (P = 0.94 in 2003, P = 0.22 in 2004).  In 2004, Andropogon ranked 
first in both the pot experiment and the polyculture hierarchy.  Festuca ranked last in 
both the pot experiment and the polyculture hierarchy.  However, the species in the 
middle ranks were entirely non-concordant.   
 
Discussion 
 Our competitive hierarchy derived from pairwise comparisons did not predict the 
structure of an intact community consisting of the same species under similar 
environmental conditions.  This indicates that hierarchies derived from pairwise 
interactions do not necessarily predict the structure of more complex communities.  
Since competitive hierarchies are often used to predict the relative abundance of species 
in a community setting (Wilson and Keddy 1986, Shipley 1994, Warren et al. 2002) , an 
understanding of the structure of multi-species communities should be derived from 
multi-species comparisons, rather than assuming the competitive interactions will 
translate from pairwise interactions to plant community composition. 
 
Competitive effect and competitive response 
Within our competitive hierarchy, the target score and neighbor score rankings 
were concordant.  However, as the competitive rank of each species decreases, there 
were species that did not necessarily perform equally poorly in both competitive effect 
and competitive response.  This is evidence of the complexity of competitive interactions 
within polycultures.  Because each step down in the ranking does not necessarily 
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indicate an equal step down in competitive ability, novel relationships may form in 
assemblages when species are interacting concurrently. 
 In our experiment, species with strong competitive effects often ranked highly in 
terms of competitive response.  This contrasts with other studies which found that 
competitive effects and competitive responses were not concordant (Wilson and Agnew 
1992, Conway et al. 2002, Hagar et al. 2004).  Often, the discord between competitive 
effects and competitive responses are attributed to different plant traits (Goldberg and 
Landa 1991).  However, given the importance of competition in the evolution of plants 
and function of plant communities, it is surprising when we cannot generalize from 
competitive effect to competitive response (Grime 1979, Tilman 1982, 1988, Keddy 
1989, Keddy et al. 1994).   
Even though our competitive effect and competitive response hierarchies were 
concordant, there were some important differences between them that may help explain 
the discord between the competition hierarchy and the polyculture hierarchy.  Plantago 
ranked as one of the top competitors, but Plantago performed better at suppressing 
neighbors than it did at resisting suppression from neighbors.  The timeframe of the 
comparisons was important.  In 2004, Andropogon performed very well in the polyculture 
hierarchy, whereas in 2003 Andropogon ranked intermediary.  Therefore, Andropogon 
matched the competitive hierarchy better in the first year than after one more year.  
Plantago ranked relatively high in the polycultures during 2003, which may reflect its 
ability to suppress neighbors during the first year.  However, Plantago dropped down in 
the polyculture hierarchy during the second year, when canopy architecture within the 
community changed such that once the other individuals in the polyculture grew enough 
to overtop Plantago, it could no longer affect them.   Therefore again, the competitive 
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hierarchy better predicted community performance only in the first year of community 
establishment.  
 
Relationship between the competitive hierarchy and polycultures 
 While acknowledging that factors other than competition structure communities, 
studies have often looked to competition experiments in an attempt to explain why 
species exist where they do based on competitive ability (e.g.,testing the prediction that 
species growing in lower stress environments have a greater competitive ability than 
those grown in higher stress environments; Wilson and Keddy 1986.)  However, we 
have found only one study to date that compares experimentally derived hierarchies with 
field observed abundances, and it found that competitive effect did not accurately predict 
abundances in natural communities (Howard 2001).  Howard (2001) suggests that the 
discord between the competitive ranking and field abundances may be because 
rankings based on relative change in plant mass are non-linearly related to changes in 
neighbor abundance.  In addition, relative changes in plant mass do not reflect the 
realities of size differences among species where size is the dominant factor influencing 
resource uptake (Howard 2001).  Thus, the derivation of competitive hierarchies may be 
useful or informative, but it is clear that we need to have a better understanding about 
the importance of how those interactions among pairs of species translate into field 
abundances.  
Species abundance within the polycultures shifted between 2003 and 2004.  We 
allowed the communities to mature, senesce, and re-establish, but they still did not 
become concordant with the competition hierarchy.  However, between 2003 and 2004 
there were some important shifts in species dominance.  Andropogon, the top competitor 
in the competition hierarchy, also became the most dominant species in the polyculture 
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by 2004.  However, Plantago, which ranked second in the competition hierarchy, 
dropped position 2 to 4 in the polyculture between 2003 and 2004.    
We cannot explain species dominance within polycultures from a competitive 
hierarchy derived from pairwise comparisions, but, we excluded seedling and plant 
recruitment and mortality from the pot experiment.  These forces that we excluded are 
active forces structuring communities within the polycultures.  In addition, within 
polycultures individuals are surrounded by other individuals, thereby reducing the light 
availability.  Because we wanted to reduce the number of external forces determining 
the competition experiment, we covered the ground between pots, leaving open space 
surrounding each pair of individuals, thus providing individuals more light available to the 
individuals within the pots than the intact communities allowed.  Plantago, whose 
abundance decreased in 2004, and Trifolium, which was at the bottom of the ranking in 
the polycultures, are known to be early-successional herbs, and are lost from the 
community as succession progresses (Van der Putten, et al. 2000).  These types of 
feedbacks that affect all species within the community are not accounted for when 
species are considered in pairwise comparisions.  Therefore, interactions within a 
polyculture may be too complex to be predicted by separating out individual interactions.   
Biotic interactions within multispecies plant communities may be more complex 
than simple pairwise interactions can predict.  Not only can a single species response 
lead to a restructuring of the competitive hierarchy, but facilitation, positive interactions 
between plants where at least one species benefits, may also occur (Callaway and 
Walker 1997, Hacker and Bertness 1999).  For example, communities that have 
nitrogen-fixing species, as were present in our experiments, may facilitate the growth of 
other species by supporting more available nitrogen in the soil than if those species were 
not present (Hunter and Aarssen 1988, Richardson et al. 2000, Carino and Daehler 
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2002).   This is another example of how a simple interaction between two individuals 
(facilitation between one legume and one grass) may be complex in a community setting 
when that interaction is occurring among hundreds of individuals. 
 
Conclusions 
A pot experiment considering both the competitive effect and competitive 
response of species in pairwise comparisons produced a clear hierarchical ranking of 
competitive abilities.  However, the hierarchical ranking from the pot experiment was 
insufficient to explain the relative abundance of the same suite of species growing in a 
polyculture over the course of one or even two growing seasons.  This suggests that 
hierarchies derived from pairwise pot experiments may be inappropriate predictors of 
community composition in intact communities.  Competition experiments, to be 
informative to community ecology, should accurately explain the structure of intact 
communities.  Simple comparisons do not necessarily accurately portray the way 
species function in polycultures.  Therefore, to gain useful knowledge about what 
structures plant communities, we need to determine which factors control plant 
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 My research indicates that the responses of plant communities to atmospheric 
and climatic change are dependent on the responses of key species within the 
communities.  Dominant species drive the community level responses, whereas the 
responses of subdominant species are not detected at the community level.  Community 
level responses differed from many of the species responses.  This indicates that biotic 
interactions strongly influence community structure and as such should be included in 
the interpretation of species responses to atmospheric and climatic change. 
 
Plant community response to elevated [CO2], warming, and soil moisture 
 Species-specific responses, especially the responses of the dominant species, 
determine the responses of the plant community because of interactions among 
neighbors (Tilman 1988, Jeffree and Jeffree 1994, Niklaus et al. 2001, Zavaleta et al. 
2003, Reich et al. 2004).  In our system, individual species and community level metrics 
often responded differently to the treatments.  For example, species-specific foliar cover, 
reproductive phenology, and recruitment responded mostly to warming, whereas the 
community level responses of H’, J’, and S responded solely to the water treatment.  H’, 
J’, and S were driven by the response of a single dominant species, Dactylis, to the 
watering treatment.  Therefore, studying species-specific responses may add clarity to 
and explanations for community level responses. 
 Increases in mean global temperatures are predicted to have a notable impact on 
plant community composition through shifts in species dominance within communities 
(Harte and Shaw 1995, Weltzin et al. 2000, de Valpine and Harte 2001, Perfors 2003, 
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Klein et al. 2004, Llorens et al. 2005).  Warming may beneficially affect species through 
different mechanisms such as phenological advancement, extension of the growing 
season, or stimulation of photosynthesis rate (Long 1991, Harte and Shaw 1995, Price 
and Waser 1998, Norby et al. 2003, Badeck et al. 2004, Chapter 2).   In addition, 
warming can cause suppression (mediated by water stress) during the heat of the 
growing season (Delgado et al. 1994, Taub et al 2000, Wollenweber et al 2003, Shah 
and Paulsen 2003, Xu et al. 2005, Chapter 2).  I found indications of phenological 
advancement due to warming of Andropogon and Solidago, in addition to indications of 
suppression of Dactylis and Trifolium due to warming that was probably mediated by 
water stress.  However, while some of the responses observed match findings from the 
current literature, direction and magnitude of the response varied by species. 
 Interactions between warming and the availability of water, and between warming 
and [CO2], are commonly observed in multifactor experiments (Long 1991, Owensby et 
al. 1997, Morison and Lawlor 1999, Norby et al. 2002, Shah and Paulsen 2003, Zavaleta 
2003).  The only interactive treatment effects evident within our experiment were 
observed toward the end of the growing season in 2004.  For example, supplemental 
irrigation increased total foliar cover and cover of Dactylis, but only at ambient 
temperatures.  This suggests that warming-induced reductions in soil moisture offsets 
supplemental irrigation (Weltzin unpub. data).  Water availability in our system is more 
important to community composition than warming and elevated [CO2].  However, as 
indicated by interactions between the watering and warming treatments, this is 
accomplished through a complex suite of direct and indirect effects of not only water, but 
warming.   
Most of the responses at the species or community level were responses to a 
single experimental factor.  My results confirm findings of Zavaleta et al. (2003) where 
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elevated [CO2] reduced diversity, but [CO2] effects were absent at the species level.  I 
found that greater soil moisture resulted in reduced diversity, richness, and evenness 
because of the benefit of greater soil moisture to a single species.  This reinforces the 
premise that precipitation is important in determining community structure (Knapp et al. 
2002, Fay et al. 2003, Weltzin et al. 2003).  Clearly, factors associated with global 
change individually and concurrently have the potential to influence plant communities in 
many different ways.  However, further examination of intact communities in a multifactor 
context are needed to predict which factors are most influential and to understand the 
mechanisms responsible for observed responses. 
 
Competitive hierarchies and community composition 
 Biotic interactions structure communities and mediate how species respond to 
environmental changes (Chapin and Shaver 1985, Chapin et al. 1995).  Determining 
how plant interactions relate to community structure should allow for more accurate 
predictions of future community composition by incorporating the response of constituent 
species to abiotic treatments.  However, doing this involves deciphering the complex 
interactions that exist in polycultures.  A competitive hierarchy - a ranked order from 
competitive dominant to competitive subordinate (Keddy 2001) - could be beneficial for 
interpreting plant community responses to global change if (a) the hierarchy can 
accurately predict community composition, and (b) that ranking is consistent across 
environmental gradients (a question we did not experimentally address).  My competitive 
hierarchy developed under field conditions did not predict plant abundances within an 
intact community grown in the same field conditions.  This is the same result found by 
the only other study I know of that examines the relationship between competitive 
hierarchies and field abundances (Howard 2001, Chapter 3).  
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 The consistency of competitive hierarchies across environmental gradients is still 
debated (Shipley et al. 1991, Shipley and Keddy 1994, Cahill and Casper 1999, Navas 
et al. 1999, Walk et al. 1999, Novoplansky and Goldberg 2001, Karez 2003, Rajaniemi 
2003).  However, whether or not they are consistent under changing conditions is not 
applicable if competitive hierarchies do not predict plant species abundances even within 
the same environmental conditions as the hierarchy is developed.  Complex community 
structure can be predicted by an experimentally derived competitive hierarchy only if the 
hierarchy accurately portrays the relationships among species in polycultures.  For this 
reason, I did not attempt to extrapolate the results of the competitive hierarchy 
experiment (Chapter 3) to polycultures exposed to various global change treatments 
(Chapter 2)  Simple methods for determining relative competitive abilities within 
polycultures would be helpful for isolating the direct and indirect effects of global change.    
  
Incorporating biotic interactions with global change studies 
Community responses to single and multiple factors of global change have been 
increasingly addressed within the ecological literature (Körner 1995, Harte et al. 1995, 
Owensby et al. 1997, Fredeen et al. 1997, Lund et al. 2002, Shaw et al. 2002, Zavaleta 
et al. 2003).  However, explicit testing of how interactions among plants shape the 
responses of plants to abiotic factors is rarely addressed (however, see Hobbie 1999, 
Klanderud 2005).  Because biotic interactions can be influential in structuring plant 
communities (Keddy 2001), we should find effective tools to describe the influence of 
biotic interactions on plant communities to maximize interpretive and predictive abilities 
and advance the field of global change biology.  Better methods for isolating the direct 
and indirect effects of elevated [CO2], warming, and soil moisture should result in more 
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It is difficult to tease apart interactions among multiple factors within complex 
systems.  Global change research involving manipulation of multiple environmental 
conditions is necessary to represent future abiotic conditions.  Despite the amount of 
research currently allocated to global climate change, often the links are not made 
between plant responses to treatments and concurrently acting biotic interactions.  This 
may lead to false interpretations of the effects of an abiotic factor if a plant is responding 
indirectly to a factor rather than through a direct, mechanistically based response.  The 
links between plant responses to environmental factors and plant responses to biotic 
interactions are difficult because of the inherent complexity of multiple interacting factors 
associated with global change.  However, making those connections may provide better 
interpretation of direct and indirect plant species responses to treatments.   
The results of multifactor global change experiments are not informative enough 
to use in a predictive manner until we address mechanisms for the observed responses.  
Therefore, we should incorporate more simple experiments in conjunction with complex 
multifactor experiments to address mechanistic explanations.  Only when we understand 
the mechanisms responsible for observed plant community responses to global and 
atmospheric change, whether direct responses to environmental variables, or effects 
mediated by other species, can we predict responses of plant communities to global 
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Table 1.1.  Mean (± 1 SE) cover (%) for all plant species averaged across treatments on selected dates in 2003 and 2004 with 
photosynthetic pathway (PSN), habit (grass, G; legume, L; or herbaceous dicot, D) and life history strategy (perennial, P; annual, 
A).  
 
    Foliar cover (%) 
    2003  2004 
 PSN habit life May  August October 
 
May August October 
Andropogon virginicus L. C4 G P 4 ± 1  6 ± 1 3 ± 1  4 ± 1 8 ± 1 8 ± 2 
Dactylis glomerata L. C3 G P 22 ± 1 26 ± 2 32 ± 3  23 ± 4 20 ± 3 15 ± 4 
Festuca pratense L. C3 G P 8 ± 1 6 ± 1 6 ± 1  3 ± 0 1 ± 0 1 ± 0 
Lespedeza cuneata (Dum. 
Cours.) G. Don 
C3 L P 1.1 ± 0.1 8 ± 2 15 ± 2  7 ± 1 38 ± 5 36 ± 5 
Plantago lanceolata L. C3 D A 16 ± 2 9 ± 1 5 ± 1  8 ± 2 4 ± 1 3 ± 1 
Solidago canadensis L. C3 D P 5 ± 0 8 ± 1 3 ± 0  5 ± 1 6 ± 1 5 ± 1 
Trifolium pratense L. C3 L P 8 ± 2 27 ± 4 25 ± 4  17 ± 4 7 ± 2 4 ± 1 
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Table 1.2.  Relationship between species foliar cover and diversity (H’) and evenness (J’) determined by multiple regression 
analysis with all species included in the original model.  Dashes, or absence of species from the table, indicate no relationship  
(P > 0.05).   
 
 Parameter estimate * 100 / partial R2 
 2003  2004 
 May August October  May August October 
 H’ J’ H’ J’ H’ J’  H’ J’ H’ J’ H’ J’ 
Model R2 0.42 0.74 0.73 0.72 0.74 0.75  0.45 0.49 0.55 0.70 0.53 0.56 
              

























              



























Table 1.2. continued. 
 Parameter estimate * 100 / partial R2 
 2003  2004 
 May August October  May August October 
 H’ J’ H’ J’ H’ J’  H’ J’ H’ J’ H’ J’ 





























Table 1.3.  Mean (± 1 SE) day of year (DOY) of bud production and floral maturity in 
ambient temperature and warmed treatment plots in 2004.  For each species, means 
with different superscript letters differed (P < 0.07) for either bud production or floral 
maturity.  
 




244 ± 5 a 
215 ± 4 b 
262 ± 2 
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186 ± 5 a 
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Table 2.1.  Mean (± 1 SE) biomass (g plant-1) of each target species grown with each neighbor species within the pairwise 
competition pot experiment.  Each column represents biomass of each target species (in columns), grown with each neighbor 
species (rows).  Within a column, means with the same letter did not differ (P < 0.05).   
 
 Target Species 
Neighbor 
species 
Andropogon Dactylis Festuca Lespedeza Plantago Solidago Trifolium 
Andropogon 19 ± 2 de 14 ± 5 a 2.3 ± 1.4 13 ± 5 c 18 ± 7 8 ± 6 1.5 ± 0.5 
Dactylis 21 ± 5 cde 9 ± 1 b 1.4 ± 0.6 33 ± 3 a 23 ± 2 11 ± 3 2.5 ± 0.7 
Festuca 44 ± 6 a 6 ± 2 b 1.6 ± 1.3 17 ± 4 bc 16 ± 6 13 ± 5 7 ± 5 
Lespedeza 32 ± 5 abc 10 ± 1 b 1.3 ± 0.9 26 ± 3 a 12 ± 5 16 ± 9 6 ± 4 
Plantago 16 ± 3 e 4 ± 1 c 1.1 ± 0.2 16 ± 5 bc 13 ± 3 6 ± 1 1.7 ± 0.7 
Solidago 35 ± 8 ab 7 ± 2 b 1.7 ± 0.5 29 ± 3 a 17 ± 5 8 ± 2 4.2 ± 2.3 




Table 2.2.  Mean (± 1SE) of competitive responses (represented by target scores), and 
competitive effects (represented by neighbor scores) for each species grown in a 
pairwise competition pot experiment.  The competition hierarchy was determined by 
ranking the numerical sum of the target score rank and neighbor score rank.  Within a 
column, means with the same letter do not differ (P < 0.05).   
 












Andropogon 1.67 ± 0.19a 1 0.72 ± 0.17ab 2 1 
Dactylis 0.68 ± 0.10bc 6 1.19 ± 0.11a 4 5 
Festuca 0.47 ± 0.09c 7 1.53 ± 0.34a 7 7 
Lespedeza 0.72 ± 0.13bc 5 1.24 ± 0.19a 5 6 
Plantago 1.24 ± 0.15ab 4 0.41 ± 0.08b 1 2 
Solidago 1.37 ± 0.26ab 3 1.24 ± 0.19a 5 4 
Trifolium 1.46 ± 0.41ab 2 1.14 ± 0.15a 3 2 
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Table 2.3.  Mean (± 1 SE) of foliar cover, biomass, and importance value (IV, i.e., sum of relative foliar cover and relative 
biomass) for each year.  Ordinal rankings are distributed from 1-7 allowing for ties. 
 
Year Species Foliar cover (%) Cover 
Rank 
Biomass (g m-2) Biomass 
Rank 
IV (%) IV Rank 
Andropogon 5.9 ± 1.0 cd 4 122 ± 31 b 2 25 ± 6 bc 3 
Dactylis 34.6 ± 6.1 a 1 425 ± 106 a 1 94 ± 7 a 1 
Festuca 6.5 ± 1.2 bd 3 71 ± 18 b 5 17 ± 1 d 5 
Lespedeza 5.9 ± 1.6 cd 4 74 ± 24 b 4 19 ± 4 cd 4 
Plantago 12.3 ± 1.5 b 2 109 ± 37 b 3 32 ± 6 b 2 
Solidago 4.1 ± 0.9 cde 6 11 ± 4 c 7 8 ± 2 e 6 
2003 
Trifolium 2.0 ± 0.5 e 7 21 ± 15 c 6 5 ± 2 e 7 
        
Andropogon 23.1 ± 6.0 a 2 237 ± 62 a 1 77 ± 10 a 1 
Dactylis 23.7 ± 7.9 a 1 98 ± 26 b 2 53 ± 10 b 2 
Festuca 0.8 ± 0.1 c 6 0.6 ± 0.3 d 6 0.4 ± 0.2 e 7 
Lespedeza 17.3 ± 4.5 ab 3 25 ± 20 c 4 39 ± 9 bc 3 
2004 
Plantago 11.2 ± 3.2 b 4 24 ± 5 c 5 22 ± 4 cd 4 
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Table 2.3. continued.   
Year Species Foliar cover (%) Cover 
Rank 
Biomass (g m-2) Biomass 
Rank 
IV (%) IV Rank 
Solidago 1.4 ± 0.7 c 5 0.1 ± 0.1 e 7 2 ± 1 e 6 2004 








Figure 1.1.  Mean (± 1 SE) total green foliar cover (%) in response to (a) watering 
treatment and (b) warming treatment throughout the 2003 and 2004 growing seasons.  
















































Figure 1.2.  Mean (± 1 SE) foliar cover (%) in response to warming for (a) Trifolium   
and (b) Andropogon.  For each date, means with ‘*’ and ‘+’ differ between  
treatment levels (P < 0.05 and P < 0.10, respectively). 
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Figure 1.3.  Mean (± 1 SE) foliar cover (%) of Solidago in (a) warming treatment and (b) 
[CO2] treatment.  For each date, means with ‘*’ and ‘+’ differ between treatment levels (P 





























































Figure 1.4.  Mean (± 1 SE) foliar cover (%) of Dactylis in response to (a) warming 
treatment and (b) watering treatment.  For each date within temperature or water 


















































Figure 1.5.  Mean (± 1 SE) (a) diversity (H’) (b) evenness (J’) and (c) richness (S) in 
response to watering treatment.  For each date, means with ‘*’ and ‘+’ differ between 







































































Figure 1.6.  Relationship between diversity (H’) and cover of Dactylis in August 2004 for 




Foliar cover of Dactylis (%)





























Figure 1.7.  Mean (± 1 SE) Recruitment of Dactylis (individuals m-2) in July 2004 in (a) 
water x warming treatment and (b) water x [CO2] treatment.  Means with upper case 
letters differed within a watering treatment, and means with lower case letters differed 
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